INTRODUCTION
High-frequency (hf) radars operate in the frequency band 3-30 h4Hz to obtain performance that in some respects conventional microwave radars cannot achieve. They are classed as skywave systems, which tend to be large and expensive and can reach to distances of several thousand kilomeaes, and groundwave systems, which are more modest in size.
Groundwave hf radars have become increasingly popular in recent years for applications such as ocean current sensing and general surveillance. The range obtained is short when compared with that obtained from skywave systems, but can be greater than for conventional radars of similar physical height by a factor of two or three. Using vertically polarised groundwave propagation, they must be installed at coastal sites overlooking areas of seawater to obtain any significant range.
The system for which the antennas described here were produced is an experimental radar on the East coast of Britain overlooking the outer Thames estuary from a site on mud flats outside the sea wall. It operates on allocated channels lying in the frequency range 18-20 MHz with a mean transmitter output power of up to 36 W, and is intended to demonstrate the use of such radars to study tidal flow and to locate surface vessels to a distance of up to 100 km. Since the system uses an integration time of 2 minutes or more, the signal bandwidth is less than 0.01 Hz.
Hf radar, like conventional microwave radar, requires directive antennas. An important difference however is that the antennas for hf radar are generally fixed owing to their size, so that beam-scanning is achieved electronically. Azimuth coverage is therefore limited to a sector of 90 degrees, although this can be extended to 120 degrees at the expense of some complications in the antenna.
Another distinguishing feature of hf radar is the presence of extemal (atmospheric) noise, which has the important implication that some loss of signal in the receive antenna can be tolerated. As a result, the receive antennas can be smaller and thus cheaper than would otherwise be necessary.
The conventional small hf radar therefore tends to use a single transmit antenna illuminating the entire area of coverage with a high radiation efficiency, in conjunction with a broadside array of relatively small. slightly lossy, and cheap elements to provide narrowbeam reception.
In the present case, the narrow bandwidth (10.5%) allowed the use of Yagi-U& antennas both for the transmit antenna and for each element of the receive array.
ANTENNA DESIGN Transmit Antenna
The requirement for this antenna was a forward coverage sector of 45 degrees either side of the boresight, with maximum possible forward gain and best possible front to back ratio, and a bandwidth of 2 MHz (18-20 MHz) with a VSWR of 2 1 or less.
The use of the vertically polarised groundwave naturally requires the use of vertical radiators, either monopoles or dipoles. A monopole is auractive as it provides a low profde. However it also requires 24 radial ground wires to achieve a radiation efficiency of 85%. The dipole supported above ground is more than twice the height but requires no ground wires. A four-element dipole array was therefore chosen as the lowest-cost option.
The array dimensions were chosen by an application of the Simplex optimiser algorithm [I] linked to a conventional analysis of the array by means of its impedance matrix, computed by the inducedemf method using standard expressions [2,3] for self and mutual impedance with the effect due to the ground included. In the analysis the impedance matrix is inverted, and the required vector of dipole currents appears as the product of the resulting admittance matrix and a driving voltage vector consisting of zeros except for the single element corresponding to the driven dipole.
checked by an independent computation of the antenna's performance by means of the NEC-2 code.
The resulting transmit antenna dimensions are shown in Figure 1 . and it is interesting to see that the optimiser has placed the fmt director close to the driven element. This produces close coupling so that in addition to the resonance of the driven dipole, a second resonance occurs at a higher frequency, determined by the length of the director, thus broadening the bandwidth to meet 
Receive Antenna
The receive antenna was required to provide a beamwidth of approximately 2 degrees. In an hf radar the number of elements in the receive array tends to be set by factors not directly concerned with the antenna and is a power of 2. The number of elements was set at 32. Since scanning to 45 degrees off boresight was a requirement. the array spacing was set at a halfwavelength at the upper frequency to avoid the appearance of grating lobes. The spacing was thus 7.495 m and the total aperture 232 m.
Each element of the array had to produce a wide forward beam and a good front to back ratio. The limited frequency range allowed the choice of a 2-element Yagi-Uda array as the array element. Since some loss could be tolerated, the use of monopoles in conjunction with a limited set of ground radials was chosen as the lowest-cost option. To avoid complete submersion of the feed points at times of spring tides, the driven monopole was fed at about I m above the groUnd.
The element was optimised by an application of the Simplex algorithm using a similar analysis method to that described above for the transmit antenna. The objective function combined forward gain, gain at 45 degrees off axis, and h n t to back ratio. Since VSWR was not an important factor, it was taken into account only in SO far as it affected the gain by producing a mismatch loss. The objective function was averaged over a set of 25 frequencies covering the desired range.
The dimensions chosen were heights of 3.78 m for the 464 driven element and 4.07 m for the reflector. with spacing of 3.51 m. Self-balancing with the elevated feed-point was achieved by strapping the coaxial feeder to the lower section of the monopole and running it along the ground.
The ground wire system consisted of six radial wires at the base of each monopole, with ground spikes at two points on each wire. The radiation efficiency of the element was estimated and measured to be approximately 50%. implying a 3 dB loss which could readily be accommodated in the system design.
CONCLUSIONS
The design of a typical antenna system for a small hf radar has been described. Conventional antenna methods were used in conjunction with computer-aided design using an optimisation algorithm in general use. The gain and radiation patterns of the antennas have not yet been directly measured. However the radar is operating satisfactorily.
